Introduction
============

Fully unsaturated, five-membered ring systems containing a main-group or transition metal atom and a dianionic C~4~R~4~ backbone, a class of compounds known as metallacyclopentadienes, are highly versatile intermediates for synthesis, participating in numerous valuable transformations such as C--C and C-heteroatom coupling reactions.[@cit1] This is probably best illustrated by the facile conversions of zirconacyclopentadienes into a plethora of conjugated cyclic and acyclic compounds[@cit2] and their ability to transfer the diene unit to main group elements and transition metals, thereby generating a broad spectrum of unsaturated heterocycles in a single transmetalation step.[@cit3]

The aluminum-containing analogues of this system, commonly referred to as alumoles, have equally been shown to engage in coupling reactions where carbon--carbon and carbon--heteroatom bonds are formed, although reported examples are few.[@cit4]--[@cit8] Moreover, with the exception of Tokitoh\'s work on alkyne insertions (*vide infra*),[@cit8] these studies fail to provide direct evidence for the proposed Al-heterocycles. Their instability and high reactivity has in general left the chemistry of alumoles relatively underdeveloped,[@cit9]--[@cit19] despite their first synthesis dating back to 1962.[@cit20] While the mono- and bicyclic products formed in organic coupling reactions imply both insertion and cycloaddition reactivity of alumoles, the latter being unique to this family of organoaluminum compounds, intermediate adducts of the alumoles with the substrates appear to be reactive and have so far eluded isolation.[@cit4]--[@cit8] In fact, isolable aluminacycles derived from either cycloaddition or ring expansion of alumoles are exceptionally rare.[@cit8] This reactivity contrasts with that of their lighter congeners, the boroles, which are well-known to insert a variety of substrates into the five-membered ring, thereby providing access to a diverse array of stable boracycles.[@cit21],[@cit22] For instance, while reactions with aldehydes,[@cit23] elemental sulfur[@cit24] or alkynes[@cit25] lead to expansion of the ring system in the case of boroles, in the case of alumoles they preferentially proceed with extrusion of the aluminum atom from the ring system and formation of aromatic coupling products such as cyclopentadienes,[@cit5] thiophenes[@cit7] and benzenes.[@cit4],[@cit7],[@cit8]

In 2015, the group of Tokitoh reported the first and thus far only example of an alumole ring expansion by isolation of a nine-membered aluminacycle through reaction of a bromoalumole with an excess of 3-hexyne (see [Scheme 1](#sch1){ref-type="fig"}).[@cit8] Using only two equivalents of alkyne resulted in exclusive formation of the C--C coupling product, namely hexaethylbenzene. The same reaction pathway, yielding a naphthalene derivative, was predominant when Eisch studied the reaction of a benzannulated alumole with diphenylacetylene.[@cit4] Although these reactions are thought to proceed through a seven-membered alumepin (or aluminepin) intermediate, which is initially formed by alkyne insertion into the endocyclic Al--C bond of the alumole, it could neither be isolated nor spectroscopically detected ([Scheme 1](#sch1){ref-type="fig"}).[@cit26]

![Previous report of an alumole ring expansion reaction by Tokitoh, with competing C--C coupling pathway.[@cit8]](d0sc02032j-s1){#sch1}

Rather than using alumoles in organic coupling reactions, we sought to exploit their inherent insertion reactivity as a route to larger aluminacycles. Herein, we demonstrate that alumoles undergo selective ring expansion reactions with organic azides to give stable aluminum--nitrogen heterocycles, which are structural analogs of 1,2-azaborinines, an emerging class of compounds with potential utility as therapeutic agents, catalysts and components in functional materials.[@cit27] Despite being known for more than half a century by the pioneering work of Eisch, synthetic access to this class of compounds remains very limited and restricted to benzo-fused derivatives.[@cit28],[@cit29] Reminiscent of the reactivity of boroles, ring expansion reactions of a new cyclopentadienyl-substituted tetraethylalumole with organic azides take different courses depending on the substituents of the azide. With the help of density functional theory (DFT) calculations we provide insight into the substituent effects on the ring expansion pathways.

Results and discussion
======================

Two new alumole derivatives, **1** and **2**, were synthesized by salt metathesis of the dilithium salt of 1,2,3,4-tetraethyl-1,3-butadiene with *tert*-butyl[@cit30] aluminum dichloride and 1,2,4-tris(*tert*-butyl)cyclopentadienyl (Cp^3t^) aluminum dibromide, respectively ([Fig. 1](#fig1){ref-type="fig"}).[@cit31] The isolated crystalline yields of **1** (6%) and **2** (30%) are rather low, presumably due to the oily nature and the facile hydrolysis of the products, although poor selectivity in these cyclometalation reactions cannot be entirely ruled out. In both cases, the ^1^H and ^13^C NMR spectra as well as the elemental analysis results are consistent with the proposed molecular connectivity. Their structures in the solid state, as determined by single-crystal X-ray analysis, are shown in [Fig. 1](#fig1){ref-type="fig"}. Alumole **1**, bearing a *tert*-butyl group on the aluminum atom, favors a dimeric structure in the solid state, stabilized by interactions between an endocyclic carbon atom of one alumole unit to the Lewis acidic aluminum center of another. The bonding situation in the resulting Al~2~C~2~ ring (Al···Al\* 2.638(1) Å; Al1--C1--Al1\* 76.27(6)°) is comparable to those previously described for the 1-bromo[@cit16],[@cit18] and 1-chloro derivatives,[@cit18] and 1-ethyl-2,5-dimethyl-3,4-bis(trimethylsilyl)alumole.[@cit7],[@cit32] Likewise, the dimer-induced structural changes in the alumole ring are in good agreement with the reported data. Compound **2** remains monomeric in the solid state. The five-membered alumole ring in **2** is not completely planar and adopts a slightly twisted conformation. The C--C bond distances in the aluminacycle alternate between single (1.518(4) Å) and double bonds (1.345(3) and 1.357(4) Å) and resemble those of the closely related 1-(2,4,6-tri-*tert*-butylphenyl)-substituted derivative reported by Tokitoh, in which the alumole unit is perfectly planar.[@cit15] By comparison, the endocyclic Al--C bonds are slightly elongated owing to the higher coordination number of the aluminum atom in **2**. Although the Cp^3t^ ligand is somewhat unsymmetrically coordinated to Al with the C(Cp^3t^)--Al bond distances ranging from 2.253(3) to 2.314(3) Å, its hapticity is best described as *η*^5^.

![(a) Alumole formation *via* salt metathesis. (b) Molecular structures of dimeric **1** and monomeric **2** with displacement ellipsoids set at the 50% probability level, and H atoms removed for clarity. Selected bond distances (Å) and angles (°): **1**: Al--C1 2.117(2), Al--C1\* 2.155(2), Al···Al\* 2.638(1); Al--C1--Al\* 76.27(6); **2**: Al--C1 1.977(3), Al--C4 1.966(3); C1--Al--C4 91.59(1).](d0sc02032j-f1){#fig1}

According to a series of temperature-dependent ^1^H NMR spectra between --50 and 90 °C, alumole **1** shows a fluxional behavior in toluene solution, likely resulting from a temperature-dependent monomer--dimer equilibrium. While at room temperature and above the ^1^H NMR spectra suggest a *C*~2~ symmetric structure consistent with the monomeric form, upon cooling to --50 °C, characteristic signals for the dimer are revealed (see ESI[†](#fn1){ref-type="fn"} for more details). The dimer-to-monomer dissociation in toluene solution is also corroborated by a ^1^H DOSY (diffusion-ordered spectroscopy) experiment at room temperature: the hydrodynamic radius of *r*~H~ = 4.0 Å estimated from the diffusion coefficient (*D* = 8.74 × 10^10^ m^2^ s^--1^) is much smaller than that expected for a dinuclear species (*r* = 5.7 Å, rotational radius derived from X-ray crystallographic data). Thus, the data suggests that the monomeric form of **1** prevails at higher temperatures, and the dimeric form at lower temperatures. In addition, we note a peculiar broadening of the methylene proton resonances upon warming above room temperature, which could be indicative of conformational changes in the arrangement of the ethyl groups. By contrast, alumole **2** retains its monomeric structure in toluene solution over the same temperature range, as confirmed by variable-temperature proton NMR spectroscopy.

While the alumoles **1** and **2** do not form adducts with tetrahydrofuran (donor ligand) at room temperature, a stable adduct forms between alumole **2** and 4-dimethylaminopyridine (DMAP, [Scheme 2](#sch2){ref-type="fig"}). Adduct **2--DMAP** was characterized by ^1^H and ^13^C NMR spectroscopy and X-ray diffraction analysis, confirming the expected Lewis acid--base complex formation *via* coordination of the pyridine nitrogen atom to the aluminum atom (for spectroscopic and crystal data, see ESI[†](#fn1){ref-type="fn"}). As revealed by the molecular structure of **2--DMAP**, the coordination of the nitrogen base induces a change in the coordination mode of the Cp^3t^ ligand from *η*^5^ to *η*^1^, leaving a single Al--C interaction of 2.081(2) Å. While the length of the newly formed Al--N bond (1.967(1) Å) is within the range of those found in other DMAP adducts of organoaluminum compounds,[@cit33] the carbon--carbon distances in the five-membered AlC~4~ ring are relatively unchanged by base coordination.

![Reactivity of alumole **2** toward 4-dimethylaminopyridine (DMAP) and organic azides.](d0sc02032j-s2){#sch2}

Given the low yield and difficulties in the isolation of **1**, we started exploring the reactivity of alumole **2** with a series of organic azides ([Scheme 2](#sch2){ref-type="fig"}). Treatment of equimolar amounts of alumole **2** and trimethylsilyl azide in benzene at 60 °C resulted in clean formation of product **3**, which after recrystallization in pentane was obtained in 61% yield as colorless crystals. While the ^1^H NMR spectrum of **3** indicated the nonequivalence of the four methyl groups of the ethyl substituents and the incorporation of the trimethylsilyl group, its complete molecular constitution was revealed by X-ray structural analysis. The solid-state structure, as depicted in [Fig. 2](#fig2){ref-type="fig"}, shows the expected product of formal trimethylsilyl nitrene insertion into the endocyclic Al--C bond. The resulting six-membered aluminacycle adopts a distorted boat conformation with alternating C--C single (1.501(2) Å) and double bonds (1.358(2) and 1.359(2) Å). The Al--N bond length of 1.821(1) Å is at the shorter range of those seen in monomeric aluminium amide complexes of the form *t*Bu~2~AlNR~2~ ([@cit34]) and slightly shorter than those in two related aluminacycles reported by Roesky and co-workers (1.832(2)--1.857(2) Å) where the aluminum atom is intramolecularly stabilized by an amino group.[@cit29] Since the Al--N bond in **3** is highly twisted (∠C4--N1--Al1--C1 = 60.2°) and the nitrogen atom is considerably pyramidalized (Σ°(N) = 353.8), any Al--N π-bonding can be safely neglected. The Cp^3t^ ligand is coordinated in an *η*^2^-fashion to Al, as indicated by two short (2.135(1) and 2.143(1) Å) and three long aluminum-ring carbon atom distances (2.594(1), 2.604(1), and 2.808(1) Å).

![Molecular structures of **3**, **4** and **5** as determined by single-crystal X-ray diffraction. Pertinent bond distances (Å) and angles (°): **3**: Al--N 1.828(1), Al--C1 1.940(1); N--Al--C1 102.75(5); **4**: Al--N 1.921(1), Al--C1 1.995(1), Al--N3 2.080(1), N1--N2 1.320(2), N2--N3 1.308(2); N1--Al--C1 91.26(5); **5**: Al--N1 1.884(3), Al--C1 1.940(4), N1--N2 1.342(4), N2--N3 1.277(4); N1--Al--C1 97.5(2).](d0sc02032j-f2){#fig2}

In contrast, the reaction of alumole **2** with mesityl (Mes = 2,4,6-Me~3~C~6~H~2~) or 2,6-diphenylphenyl azide led to a color change from colorless to orange and the formation of **4** or **5**, respectively ([Scheme 2](#sch2){ref-type="fig"}). Mass spectrometry and X-ray diffraction analysis confirmed the products as being the arylazo-substituted derivatives in which the N~3~ linkage of the azide remained intact (see [Fig. 2](#fig2){ref-type="fig"}). Due to the presence of an intramolecular nitrogen--aluminum interaction (N3--Al1 2.080(1) Å), enabled by the sterically less hindered mesityl group, the azo N--N bond length in **4** (1.308(2) Å) is notably longer than that in **5** (1.277(4) Å). The intramolecular electron donation by the nitrogen atom leads to distinct structural changes around the aluminum atom. While the coordination mode of the Cp^3t^ ligand in **4** is closer to *η*^2^, it is essentially *η*^3^ in **5**. The additional nitrogen coordination to the aluminum atom in **4** is reflected in the elongation of the endocyclic Al--N (1.921(1) *vs.* 1.884(3) Å) and Al--C bonds (1.995(1) *vs.* 1.940(4) Å). The intraring C--N bonds in **4** (1.427(2) Å) and **5** (1.427(5) Å) are slightly contracted compared to that in **3** (1.436(2) Å), but well within the normal range for a C--N single bond. Lastly, while the endocyclic nitrogen atom in **5** is perfectly trigonal planar (Σ°(N) = 360.0), the nitrogen atom in **4** is strongly pyramidalized (Σ°(N) = 340.5) and thus not expected to be involved in π-bonding with the aluminum atom. Furthermore, the sterically-induced nonplanar conformation across the Al--N bond in **5**, with a twist angle of 50.0°, inhibits overlap of the respective p-orbitals. As a result of the distinct structure and bonding of the triazene unit, the UV-vis absorption maxima differ between **4** (*λ*~max~ = 338 nm, *ε* = 12 285 M^--1^ cm^--1^) and **5** (*λ*~max~ = 370 nm, *ε* = 7923 M^--1^ cm^--1^).

Furthermore, the differences in the N~3~ linkage are also expected to be revealed by their N--N stretching frequencies in the IR vibrational spectra. Although experimental assessment of the N--N stretching frequencies was complicated by the presence of multiple bands in the 1300--1500 cm^--1^ region, the calculated IR data (see ESI[†](#fn1){ref-type="fn"} for details of the DFT calculations) clearly mirror the differences in the azo bond lengths observed in the solid state, with lower frequencies for **4** (1343, 1347 cm^--1^) and higher for **5** (1357 cm^--1^).

In view of the reaction conditions required for the synthesis of **3** and its azo-substituted derivatives **4** and **5**, it becomes apparent that the divergent ring expansion reactions involve very different energy barriers. While the reaction of alumole **2** with trimethylsilyl azide shows no conversion at room temperature and necessitates elevated temperatures, the aryl azides react readily with **2** at room temperature. Both reactions proceed without detectable intermediates as determined by ^1^H NMR spectroscopy, prompting us to pursue mechanistic studies by DFT calculations. For this analysis, we considered the reactions of trimethylsilyl and mesityl azides with the Cp^3t^-substituted alumole, whose structure was slightly simplified by substituting the ethyl for methyl groups in the periphery of the alumole and the *tert*-butyl for methyl groups in the Cp ring. Since the reactivity of alumole **2** towards organic azides resembles those of related boroles, we considered similar mechanistic pathways previously established for the latter, including initial attack of the terminal (γ) and internal (α) nitrogen atoms of the azide on the aluminum atom and various 1,3-dipolar cycloadditions between the azide and the alumole.[@cit21],[@cit24b],[@cit35] Overall, six different mechanisms were explored, which are illustrated in Scheme S2 in the ESI.[†](#fn1){ref-type="fn"}

For the modeled reaction of alumole **2′** with trimethylsilyl azide, the kinetically most favored pathway involves initial 1,3-dipolar addition of the azide across the endocyclic Al--C bond, resulting in the formation of the eight-membered ring system **P3-IN1** in which the trimethylsilyl group is adjacent to the aluminum atom (see [Fig. 3](#fig3){ref-type="fig"}).[@cit35b],[@cit35e] Ring isomerization of the Cp ligand from *η*^1^ to *η*^3^, followed by stepwise migration of the silyl group to the nitrogen atom furthest from the Al atom yields the aluminacyclobutene **P3-IN4** after loss of dinitrogen. Intramolecular Al--N coordination with concomitant cleavage of the endocyclic Al--C bond finally yields the observed ring-expanded product **3′**. Of these steps, the elimination of dinitrogen has the highest energy barrier (28.7 kcal mol^--1^). This energy barrier more than doubles when mesityl instead of trimethylsilyl azide is used in the same reaction sequence (see Fig. S35 in the ESI[†](#fn1){ref-type="fn"}), reflecting the greater ease of 1,2-migration of the silyl group. An alternative pathway shown in red in [Fig. 3](#fig3){ref-type="fig"} involving the cycloaddition transition states **P3-TS~1-5~** and **P3-TS~5-6~** is kinetically much less favorable. A similar high overall energy barrier is found for the denitrogenative pathway initiated by coordination of the α-nitrogen atom of the azide to the aluminum center (see Fig. S28 in the ESI[†](#fn1){ref-type="fn"}).

![Energy profile for the transformation of alumole **2′** into the trimethylsilyl-substituted AlN heterocycle **3′**. The relative free energy and electronic energies (in brackets) are given in kcal mol^--1^.](d0sc02032j-f3){#fig3}

In contrast, for the formation of the arylazo-substituted azaaluminabenzene **4′**, direct insertion of the terminal nitrogen atom of the azide into the Al--C bond of the alumole is favored. The energy profile, which is illustrated in [Fig. 4](#fig4){ref-type="fig"}, shows that the reaction proceeds through a single transition state (**P2′-TS**) to form the ring-expanded intermediate **P2′-IN1**, which furnishes the final product **4′** after intramolecular Al--N coordination. The overall free energy barrier for this process is about 7 kcal mol^--1^ lower than for the denitrogenative ring expansion and is in line with the experimental fact that the reaction of alumole **2** with mesityl azide takes place rapidly at room temperature. Although it is the kinetic product, azo derivative **4** (also **5**) cannot be converted to the corresponding arylated AlN heterocycle by thermal (60--80 °C) or photolytic extrusion of nitrogen. The computational studies indicate that, in order for the nitrogen elimination to occur, a relatively high barrier has to be overcome, and this is facilitated by 1,2-silyl-group shifts in the silyl-containing compounds. For this reason, only the kinetic product is observed in the case of the aryl azides, the aryl group of which is less prone to migration.

![Energy profile for the transformation of alumole **2′** into the arylazo-substituted AlN heterocycle **4′**. The relative free energy and electronic energies (in brackets) are given in kcal mol^--1^.](d0sc02032j-f4){#fig4}

Conclusions
===========

In summary, two new alumole derivatives with a common tetraethyl-substituted backbone have been prepared and extensively characterized in solution and the solid state. The cyclopentadienyl-substituted alumole, which is monomeric in solution and the solid state, was found to undergo ring expansion reactions with organic azides to afford six-membered aluminum--nitrogen heterocycles, the first non-annulated 1,2-azaaluminabenzenes. The ring expansion products adopt non-planar structures due to the absence of π-bonding between aluminum and nitrogen. A considerable sensitivity toward the nature of the nitrogen substituent was observed in the ring expansion reactions. While trimethylsilyl azide reacts with loss of nitrogen, the N--N bonds of aryl azides are preserved in the products, leading to aluminum--nitrogen heterocycles bearing azo units. Mechanistic DFT studies suggest that the differences in the reactivity of the organic azides arise from the relative ease with which the silyl group can undergo 1,2-shifts, which in turn lower the activation barrier for nitrogen elimination.
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